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Higgs mode in superconductors, i.e. the collective amplitude mode of the order parameter does not
associate with charge nor spin fluctuations, therefore it does not couple to the electromagnetic field
in the linear response regime. On the contrary to this common understanding, here, we demonstrate
that, if the dc supercurrent is introduced into the superconductor, the Higgs mode becomes infrared
active and is directly observed in the linear optical conductivity measurement. We observed a sharp
resonant peak at ω = 2∆ in the optical conductivity spectrum of a thin-film NbN in the presence
of dc supercurrent, showing a reasonable agreement with the recent theoretical prediction. The
method as proven by this work opens a new pathway to study the Higgs mode in a wide variety of
superconductors.
The collective modes ubiquitously exist in a variety of
systems, e.g. in charge density wave (CDW) systems, fer-
romagnets and antiferromagnets, superfluid 4He and 3He,
cold atomic gas systems, and superconductors, provid-
ing insights into the nature of symmetry broken ground
states. In general, two types of collective modes emerge
when a continuous symmtery is spontaneously broken:
the phase mode and amplitude mode that correspond to
the fluctuation of phase and amplitude of the order pa-
rameter, respectively (see Fig. 1(a)). In superconductors,
the phase mode is lifted up to the high energy plasma fre-
quency because of the screening of long range Coulomb
interaction [1]. The remaining amplitude mode, recently
referred to as the Higgs mode, has gained a growing in-
terest over decades [2, 3]. Since the initial prediction
made by Anderson [1], intensive theoretical studies have
been devoted to elucidate the energy structure, stability,
and relaxation mechanism of the Higgs mode to date.
The behavior of Higgs mode has been discussed from the
viewpoint of order parameter dynamics after the quan-
tum quench [4–19], which has been recently observed by
terahertz pump-probe experiments in s-wave supercon-
ductors [20]. The coupling of the Higgs mode to the
gauge field was initially identified in the Raman signal
with the aid of strong electron-phonon coupling in NbSe2,
where the CDW coexists with superconductivity [2, 21–
23]. Even in an s-wave superconductor without the CDW
order, the nonlinear coupling between the Higgs mode
and the gauge field has been elucidated in THz pump-
probe response and third harmonic generation [24–26],
and extensive microscopic theories have been developed
to date [27–31]. The observability of Higgs mode in
the linear response, i.e. in the optical conductivity has
been addressed in two-dimensional disordered supercon-
ductors [32]. Experimentally, the finite spectral weight
below the superconducting gap 2∆ observed in a dis-
ordered ultrathin NbN film sample was attributed to
Higgs mode from the comparison with tunneling spec-
troscopy [33], whereas different origins of the spectral
weight have also been suggested, i.e. disorder-induced
broadning of the quasiparticle density of states [34] and
the collective mode associated with the phase rather than
the amplitude [35, 36].
Recently, it has been theoretically shown that under
the injection of dc supercurrent, the Higgs mode linearly
interacts with ac electric field polarized along the direc-
tion of the supercurrent flow. Accordingly, the Higgs
mode is predicted to appear in the linear response func-
tion such as the optical conductivity spectrum σ1(ω), giv-
ing rise to a polarization-dependent peak structure at the
superconducting gap frequency ω = 2∆ [37]. This effect
comes from the momentum term in the action:
S =
∫
CQ2(t)|∆(t)|2dtdr (1)
where Q(t) = Q0 + QΩ(t) is the gauge-invariant mo-
mentum of the condensate consisting of the dc super-
current term Q0 and the ac electric-field (probe-field)
driven term QΩ(t) = Re[QΩ exp(iΩt)], respectively, and
∆(t) = ∆0 + δ∆(t) is the time-dependent superconduct-
ing order parameter. The action S includes the inte-
gral of δ∆2ΩQ
2
−Ω and δ∆ΩQ0Q−Ω where δ∆Ω(2Ω) de-
notes the Fourier component of the oscillating order pa-
rameter (Higgs mode). The first term corresponds to
the quadratic coupling of the Higgs mode to the gauge
field which was previously demonstrated [24]. The second
term indicates linear coupling between the Higgs mode
and the gauge field induced by the finite amount of con-
densate momentumQ0 parallel to the probe electric field.
It is then expected that the polarization-selective exci-
tation and detection of the Higgs mode are attainable
within the linear response regime when supercurrent is
injected into the system. Motivated by this theoretical
prediction, here we investigated the effect of supercur-
2rent injection on the optical conductivity in an s-wave
superconductor, NbN thin film.
The optical conductivity was measured using tera-
hertz time-domain spectroscopy (THz-TDS) technique in
transmission geometry. The schematic diagram of the
experimental setup is shown in Fig 1(b). The sample
is an epitaxial NbN film of 26 nm in thickness grown
on a 400-µm-thick MgO (100) substrate. The critical
temperature is 14.5±0.2K as confirmed by the transport
and magnetic susceptibility profiles (see Fig. 1(c)). The
transition width ∆Tc/Tc is only about one percent es-
timated from the magnetic susceptibility, indicating the
high uniformity of the film. The supercurrent was in-
jected through the Au/Ti electrodes deposited on both
ends of the sample and the critical current is 3.8A at
T =5.1K (3.7MA/cm2 in current density). The sample
was cooled down using a 4He flow cryostat in a 4He at-
mosphere. For the measurements, the laser beam from
the mode-locked Ti:sapphire oscillator (repetition rate:
80MHz, wavelength: 800nm, average power: 1W, pulse
width: 100 fs) was split into two with the intensity ratio
of 3:1; one for the THz generation modulated by an op-
tical chopper rotating at ≈2.3 kHz and one for the gate
pulse for the electro-optic (EO) sampling. The probe
THz pulse was generated by optical rectification in a
ZnTe crystal, and detected by EO sampling also using a
ZnTe crystal. The peak value of the probe THz electric
field was below 20V/cm which is weak enough to assure
the linear response regime. Polarization of the THz pulse
is determined by wire grid polarizers placed before and af-
ter the sample. The thin solid line in Fig. 2(a) represents
the optical conductivity σ01(ω) measured at 5K without
current injection. The superconducting gap structure is
FIG. 1. (a) Free energy F (Ψ) with respect to the supercon-
ducting order parameter Ψ. The Higgs (amplitude) mode and
the phase mode are represented by the arrows. (b) Schematic
view of the terahertz transmittance experiments under the dc
current. (c) Temperature dependence of the ac magnetic sus-
ceptibility χ measured at 1Oe in 1488 Hz (open symbols) and
electrical resistance R (closed symbols).
clearly identified at ≈ 5meV. The spectrum is well fit-
ted by the Mattis-Bardeen model with the gap energy of
2∆MB = 5.14± 0.01meV, as shown by the dashed line in
Fig. 2(a) [38].
To measure precisely the conductivity change δσ1(ω)
induced by the current injection with eliminating the
long-term fluctuation, we repeated the THz waveform
scan with and without the current injection alternatingly,
and accumulated the waveform from 30–100 times. The
differential spectrum δσ1(ω) is extracted from the Fourier
transform of the waveforms with and without the cur-
rent, EI(ω) and E0(ω), respectively, the refractive in-
dex of the substrate nsub(ω), and the premeasured σ
0
1(ω)
without current injection, using the following equation
commonly used for pump-probe measurements for thin
film samples [40]:
δσ1(ω) =
1 + nsub(ω) + Z0dσ
0
1(ω)
Z0d
(
E0(ω)
EI(ω)
− 1
)
, (2)
where Z0 = 377Ω is the vacuum impedance, and d is
the thickness of the NbN film. At low temperature the
transmission is very low below the gap energy so that
the data below 4meV are scattered [39]. Therefore in
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FIG. 2. The change of the (a) real part and (b) imaginary
part of the optical conductivity spectra induced by supercur-
rent injection taken with the THz probe electric field polarized
along the direction of supercurrent. The optical conductiv-
ity spectra measured without the current are also plotted in
(a) and (b) with the right axes. The dashed line depicts the
Mattis-Bardeen fit and the superconducting gap estimated
from the fit is marked by the vertical arrow. Shown in (c) is
the change of the real part of the optical conductivity spectra
taken with the THz probe electric field perpendicular to the
current direction. Current (I) dependences of the peak inten-
sity and FWHM (= 2
√
2 log 2σ) are plotted in (d). The lines
are trend lines determined by the method of least squares.
Details are found in the text. Small points in (d) are data of
another sample (Sample #2) fabricated in very similar con-
ditions [39].
3the following graphs the data above 4meV are plotted.
The thick lines in Fig. 2(a) show the differential spec-
tra of δσ1(ω) under the currents I =0, 1.9, 2.3, 2.5, and
2.6A at 5K (= 0.34Tc) measured for the polarization
parallel to the direction of the supercurrent[? ]. A peak
structure is clearly identified in all the data with currents
between 1.9 and 2.6A. Note that, 2.6A is 70% of the crit-
ical current Ic at the temperature. The peak height is at
most 1% with respect to the normal state conductivity
σN=1.2×104Ω−1cm−1. The peak position is estimated
as 5.40±0.05meV (1.30THz), which is slightly larger
than the onset energy of σ01(ω) by amount of 0.2meV,
while it coincides with the energy of Higgs mode esti-
mated from the time-resolved observation of the Higgs
mode oscillation in previous pump-probe measurements
in another NbN film with similar thickness (24 nm) [20].
Here we take into account the effect of thermal broaden-
ing [41] practically by convoluting a Gaussian distribu-
tion to the original Mattis-Bardeen spectrum function.
The broadening width is estimated as 0.6meV at 5K and
2meV at 13K, which can explain the slight energy differ-
ence between the peak center and the 2∆MB. Although
the supercurrent-induced conductivity peak shows a tail
in the higher energy side like the theoretically predicted
one [37], here we fitted the peak assuming a Gaussian
function with a constant offset for each current density:
a · g(x) + b with g(x) = 1/
√
2piσ2 exp(−((x− µ)/σ)2/2).
While the peak center µ and width σ are almost con-
stant, the peak intensity a increases with the current as
shown in Fig. 2(d). The solid line indicates the quadratic
fit to the peak intensity and the dashed line indicates the
average of the peak width determined by the method
of least squares. It should be remarked that the peak
width, 0.80±0.05meV, does not vary with the tempera-
ture up to 8K (not shown), suggesting the peak width is
hardly affected by the thermal broadening effects men-
tioned above. Notably, this peak structure is completely
absent when measured for the perpendicular polariza-
tion at the same temperature and currents as indicated
in Fig. 2(c). These characteristics are consistent with
the theoretical prediction that the spectral weight of the
current-induced Higgs mode resonance should be propor-
tional to I2 cos2 θ where θ is the angle between the su-
percurrent flow and the THz electric field [37].
To establish more firm connection between the theory
and experiment, we calculated the complex optical con-
ductivity based on the theoretical work by Moor et al. [37]
with the parameters relevant to the present experiments
at T =5K. To simulate realistic optical conductivity
spectra, we introduced a broadening factor Γ for the
peak by convoluting the ideal conductivity spectra with
Gaussian distribution of 2∆ with FWHM (= Γ) of
0.6meV. According to Ref. 37, the peak weight is given
by a coefficient WQ = DQ
2
0 with the diffusion constant
D = 4kB/(pie) |dHc2/dT |−1 = 9.0 × 10−5m2/s deter-
mined from Hc2 measured [42]. The condensate momen-
(a) (b)
0.5
0.4
0.3
0.2
0.1
0
-0.1
87654
Photon Energy (meV)
0.03
0.02
0.01
0
-0.01
δ
σ
1
(ω
) 
/ 
σ
N σ
01 (ω
) / σ
N
 Parallel
 Perpendicular
-0.03
-0.02
-0.01
0
0.01
87654
Photon Energy (meV)
δ
σ
2
(ω
) 
/ 
σ
N
 Parallel
 Perpendicular
2Δ
2Δ
FIG. 3. Theoretically expected changes of (a) real and (b)
imaginary parts of the optical conductivity induced by super-
current injection with respect to the normal state conductiv-
ity σN [37]. We setWQ = 0.00043∆ (corresponding to 2.6A),
T = 5K, the mean of 2∆ = 5.4meV, and Γ = 0.6meV. The
optical conductivity without current injection is also repre-
sented as a thin line in (a).
tum Q0 is defined as mvs/h¯ where vs is the condensate
velocity calculated from the superfluid density ns and
the injected current density J using J = ensvs. The
ns is estimated as 5.4 × 1026m−3 from the imaginary
part of the optical conductivity spectrum σ2(ω) using
ns = lim
ω→0
mσ2(ω)ω/e
2. When the current I is 2.6A, the
WQ is estimated as 2.3× 10−3meV, which is as small as
4.3× 10−4∆ at T = 5K so that the theory in Ref. 37 is
applicable.
Figures 3(a) and (b) show the real and imaginary parts
of the calculated spectra, respectively. Compared to the
Figs. 2(a) and (b), the calculation reasonably reproduces
the characteristic peak in δσ1, dispersive shape in δσ2,
and gradual onset of σ01 at a slightly below 2∆. The cal-
culation also indicates that the spectral weight is trans-
ferred from the condensate at zero energy to the 2∆ peak
(not shown in the figure). The transferred spectral weight
is only a few percent of that of the whole condensate. The
calculation shows about one order smaller signal for the
perpendicular configuration (dashed lines in Figs. 3(a)
and (b)), which is unrecognizable in our experiments be-
cause of the detection limit. The calculation is in reason-
able agreement with the experimental result even quanti-
tatively, suggesting that the observed peak is attributed
to that of Higgs mode.
Now we address other possible mechanisms that could
also give a conductivity peak structure. Firstly, the phase
mode is not plausible as it is lifted to the plasma fre-
quency at low temperature limit due to the Anderson-
Higgs mechanism. In fact, it can be lowered to the en-
ergy region near the gap, known as the Carlson-Goldman
mode [43], but only at temperature close to Tc, which is
not relevant to our results taken substantially below Tc.
Single particle excitations caused by the current injection
can also give rise to the change of optical conductivity
particularly near the critical current density. They cause
smearing of the density of states and shrinkage of the gap
which can induce a singularity in the optical conductivity
4spectrum at around the gap energy [44]. Indeed in the
previous experiments on impure aluminum, an absorp-
tion peak was observed at slightly lower energy than the
pristine gap under the presence of strong in-plane mag-
netic fields (H > 0.5Hc) which induced effective in-plane
supercurrents [45, 46]. Under such a strong field, the
conductivity peak is explained within the framework of
quasiparticle excitations [47]. On the other hand, in our
NbN, the maximum current density corresponds to a very
weak magnetic field of 0.02Hc1 = 3×10−5Hc2, therefore,
as suggested by Moor et al. [37] the Higgs mode response
dominates the observed conductivity peak.
Finally, we extended the measurement up to 14K
(= 0.96Tc). The real part of the conductivity change
δσ1(ω) is plotted in Fig 4(a). With increasing the tem-
perature, the energy of the peak center gradually de-
creases in synchronization with the superconducting gap
2∆MB determined from the Mattis-Bardeen fit to σ
0(ω)
as shown in Fig 4(b). The figure also shows the zero-
temperature gap 2∆0 estimated as 4.3kBTc [48] plotted as
a horizontal line, which agrees very well with the energy
of the peak center at low temperature. The peak width
is almost constant at low temperature (T ≤ 10K), then
rapidly increases at higher temperature. This tempera-
ture dependence shows a negative correlation with that of
the critical current as shown in Fig. 4(c), presumably be-
cause both the Higgs mode and superconducting current
are affected by thermally-induced quasiparticles. The po-
larization dependence becomes less significant at higher
temperature, which is qualitatively consistent with the
theoretical expectation [39]. Note that the sample tem-
perature is precisely controlled during the measurements
to negate Joule heating effects because the differential
signal δσ1(ω) is very sensitive to the sample temperature
at T > 8K where the temperature coefficient of the gap
has a non-zero value [39].
In summary, we have demonstrated that the Higgs
mode appears in the linear optical conductivity spec-
trum under the supercurrent injection. A distinct peak
slightly above the optical conductivity gap accompanied
by a high energy tail is clearly observed in the film of an
s-wave superconductor NbN. Based on the polarization
and current density dependencies, we attribute the peak
structure to the Higgs mode as recently suggested in the
theoretical study [37]. The peak energy is also in agree-
ment with the oscillation frequency of Higgs mode ob-
served in previous time-resolved THz pump-THz probe
measurements [20]. This method comprising the linear
conductivity measurement and the current injection pro-
vides a new pathway to access the Higgs mode in various
superconductors. Extension of the measurement scheme
to p- or d-wave superconductors would be highly intrigu-
ing. The method may also be applied to study the su-
perconductivity with competing orders in unconventional
superconductors.
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